We have examined the kinematics of the initial trajectory of step-tracking movements performed by human subjects. Each subject tracked a target that required 5-30" of radial or ulnar deviation of the wrist. All movements were to be performed as accurately as possible. Speed instructions were given before each trial.
We have examined the kinematics of the initial trajectory of step-tracking movements performed by human subjects. Each subject tracked a target that required 5-30" of radial or ulnar deviation of the wrist. All movements were to be performed as accurately as possible. Speed instructions were given before each trial.
When subjects performed different amplitude movements following the same speed instruction, the peaks of velocity, acceleration, and jerk were linearly related to peak displacement. The peaks of velocity, acceleration, and jerk also changed when the speed instruction was altered. Thus, for any given movement, the peak values of the derivatives of displacement were dependent on both movement amplitude and intended speed. As a result, the peak values of the derivatives cannot be used by themselves to control or monitor peak displacement.
When subjects performed different amplitude movements following the same speed instruction, movement duration tended to remain constant. In contrast, movement duration changed when the speed instruction was altered. Movements performed when subjects intended to move slowly had longer durations than when subjects intended to move quickly. These results suggest that subjects volitionally alter intended speed by selecting different movement durations.
When both movement amplitude and intended speed were varied, the peak displacement of a step-tracking movement was linearly related to the product of 2 kinematic variables: (1) the initial peak of a derivative of displacement (either velocity, acceleration, or jerk) and (2) movement duration. On the basis of our observations, we propose that central commands generate step-tracking movements of different amplitudes and intended speeds by adjusting both the magnitude and duration of a derivative of displacement.
Movements of a single joint are associated with complicated patterns of muscle activity (e.g., Wachholder, 1928) . Thus, even when generating these movements, the nervous system is faced with a potentially formidable task. Recently, there have been several attempts to define movement parameters that, if controlled or monitored by the nervous system, would simplify movement generation (see, for a recent review and commentaries, Stein, 1982) . Most of these studies have focused on the control of relatively slow limb movements (e.g., Bizzi et al., 1984; Lestienne et al., 198 1; Polit and Bizzi, 1979) . We have attempted to identify the variables controlled by the CNS when subjects perform more rapid wrist movements in a step-tracking task. One of our reasons for studying step-tracking movements was that the pattern of muscle activity associated with them is well defined (e.g., Angel, 1974; Hallett and Marsden, 1979; Hallett et al., 1975; Wachholder and Altenburger, 1926; Waters and Strick, 198 1) . During this type of movement, distinct bursts of activity are observed in agonist and antagonist muscles. We sought to determine whether the initial bursts of muscle activity were associated with particular kinematic parameters.
The first step in this analysis was to define the kinematic parameters associated with step-tracking movements. Most prior studies have focused only on movements performed following a constant speed instruction. These studies observed that changes in limb displacement were associated with proportional changes in limb velocity (e.g., Taylor and Birmingham, 1948) . On the basis of this result, Freund and Budingen (1978) proposed the "speed control" hypothesis, which states that movements of different amplitudes are generated by adjusting a single kinematic variable, limb velocity.
An important feature of step-tracking movements that has not received sufficient consideration is that subjects can intentionally vary peak velocity when making movements of a single amplitude (see, however, Brown and Cooke, 1981; Lestienne, 1979; and Marsden et al., 1983) . Therefore, we have examined the characteristics of step-tracking movements performed when both target displacement and "intended speed" were varied. The results of our analysis suggest that the nervous system specifies the initial trajectory of a step-tracking movement by controlling 2 kinematic variables: (1) the peak magnitude of a derivative of displacement and (2) the duration of a derivative of displacement. In a subsequent paper, we will present evidence that separate bursts of muscle activity control each of the 2 kinematic variables (D. S. Hoffman and P. L. Strick, unpublished observations) . Preliminary reports of some of these findings have been presented Strick, 1982, 1984) .
Materials and Methods

Experimental setup
Five human subjects (aged 25-38) without any history of neurological abnormalities sat in a chair; the forearm and elbow of their dominant limb supported. The subjects grasped the handle of a manipulandum ( Fig. 1) that was mounted on a sturdy support in front of them. The manipulandum handle rotated freely about the horizontal and vertical axes. Each subject's forearm was positioned carefully so that the centers of rotation of the manipulandum and the wrist coincided. Two potentiometers were coupled to the device and measured the angle of the wrist in the planes of flexion+xtension and radial-ulnar deviation. The manipulandum was a lightweight, low-friction device which, we believe, minimally alters wrist movements.
Each subject sat approximately 70 cm in front of a large-screen oscilloscope that displayed a "cursor" and a "target." The cursor was a small spot of light (approximately 5 x 5 mm) that moved in proportion to the subject's wrist movements. One degree of wrist movement moved Top, Two position transducers monitor the 2 axes of wrist movement. The transducer at the Ieft monitors radial @)-ulnar (v) deviation. The transducer on the top monitors flexion (F)-extension (E). The 2-axis force transducer was not employed in these experiments. Bottom, The position of the forearm in the manipulandum. The handle of the manipulandum was adjusted toward or away from the subject, until the centers of rotation of the manipulandum and the wrist joint matched. The wrist is shown in the neutral position.
the cursor approximately 4.5 mm on the screen. For a right-handed subject, the cursor moved left for flexion movements, right for extension movements, up for radial deviations, and down for ulnar deviations of the wrist. The target was displayed as an open square whose inside diameter equaled 2.5" of wrist movement. It indicated where the subject Task Each subject was asked to perform a step-tracking task that required radial or ulnar deviations of the wrist. In order to perform these movements, the subject had to prevent flexion or extension, since the handle should place the cursor. The location of the target on the screen was could move easily in all directions. When movements were made in determined by a computer (DEC PDP 1 l/34) that was programmed to alter target location according to task requirements. the radial direction, the initial position of the target required 10" of ulnar deviation. When movements were made in the ulnar direction, Subjects were instructed to move "as fast and as accurately as possible" to different targets. Targets required Y-30" wrist movements in the radial direction, starting from an initial position of 10" ulnar deviation.
Actual wrist angle is indicated by the scale on the left (negative numbers, ulnar deviation; positive numbers, radial deviation; 0, neutral position, illustrated in Fig. 1 ).
the initial position of the target required 20" of radial deviation. To initiate a trial, the subject centered the cursor in the target and maintained this position for a variable "hold" period (l-2 set). The target then jumped to a new location. The subject, when ready, was required to move in a single step, as accurately as possible, to this new position.
Alter another variable hold period, the target was moved back to the initial position. The subject was permitted to return the cursor to this location in any manner desired. Since the experimental paradigms described below required large numbers of trials, subjects were given tiequent rest periods and were observed for possible signs of fatigue.
In the first series of trials for each experimental session, the subject was instructed to perform movements to the new target position "as fast as possible." Target jumps required between 5" and 30" changes in wrist angle. The same target location was presented for a block of 50 trials. The order in which the different target locations were presented was randomized.
Four of the 5 subjects were asked to perform a second series of trials. In these trials, the subject was given 3 different speed instructions: to "move as fast as possible"; " move at your natural speed"; and "move at half your natural speed." We will use the term "intended speed" to indicate the subject's interpretation of these instructions. Target jumps required 10" and 20" changes in wrist angle. The same displacement and speed instructions were presented for a block of 30-50 trials.
One subject was reexamined in a separate experimental session using a different protocol. The subject was asked to perform about 30 movements to a target "as fast as possible." Then, the subject was asked to move to the same target while the speed instruction was randomly varied. Instructions were to "move a little slower," "move a little faster," or "move at the same speed." Target jumps required 5", 15", and 25" changes in wrist angle. The same displacement was presented for a block of 150 trials.
Data acquisition and analysis
While the subject performed the step-tracking movements, signals from the potentiometers and an analog code representing various task-related events were monitored on a storage oscilloscope. These signals were recorded on an FM tape recorder (HP 8868A) for later analysis. The computer was used off-line to digitize the data from individual trials at 2.5 kHz. The digitized potentiometer signals were low-pass filtered numerically by the computer (cutoff frequency = 200 Hz). Filtering was applied in the backward, as well as the forward, direction in order to correct for phase shifts. Filtered signals were then successively differentiated to derive velocity, acceleration, and jerk (change in acceleration) Movements were performed in the radial direction starting from an initial position of 10" ulnar deviation. All trials are from the same subject. Note that velocity, acceleration, and jerk each have 1 positive peak during the initial trajectory (i.e., the period from movement onset to the first peak in displacement). Also, the magnitudes of these peaks grade with changes in movement amplitude. Peak Displacement (deg) Figure 5 . Relationship between peak displacement and movement duration for movements to different targets performed "as fast as possible." Movement duration was defined as the time from movement onset to the first peak in displacement (i.e., the time between movement onset and the next 0 value of velocity). A, Individual trials and linearregression line of 1 subject. The averages of these trials were shown in Figure 3 . The slope of this linear-regression line is not statistically significant (p > 0.05). B, Individual trials and linear-regression line of another subject. The slope of this linear regression line is statistically significant (p < 0.01). (Wood, 1982) . The initial trajectory of each movement was analyzed for the following variables: movement duration and peaks of displacement, velocity, acceleration, and jerk. Movement duration was defined as the time from movement onset to the first peak in displacement (i.e., the time between movement onset and the next 0 value of velocity). Unless otherwise noted, only correlations withp < 0.0 1 were considered to be significant.
Results
Movements performed "'as fast as possible" Our analysis has focused on the initial trajectory of step-tracking movements,
i.e., that part of the movement from its onset to the first peak in displacement.
This period was characterized by a rapid, but smooth, change in position that generally overshot the target (Figs. 2, 3 ). The overshoot was greatest for the largest displacements and was not eliminated by practice. The overshoot was followed by several stereotyped oscillations in displacement. The frequency of the oscillations varied among different subjects, ranging from 8 to 11 Hz for movements made to 25" targets.
As part of our analysis, we examined the first, second, and third derivatives of displacement (velocity, acceleration, and jerk). Each of these derivatives changed smoothly and had only 1 positive peak during the initial trajectory (Fig. 3) . Thus, the initial movement trajectory was performed in a single step, rather than in multiple, smaller steps. The magnitudes of the initial peaks of velocity, acceleration, and jerk varied directly with the amplitude of the initial trajectory (Fig. 3 ). The best relationship between peak displacement and the peaks of the derivatives is shown for 1 subject in Figure  4A . There was a striking correlation between peak displacement and peak velocity for these trials (Y = 0.99). The linear-regression line in this graph has a steep positive slope (21.77 deg set-' deg-I) and a y-intercept that is not significantly different from zero. The 4 other subjects we examined displayed similar strong correlations between peak displacement and peak velocity (r > 0.98). Smaller, but highly significant, correlations also were observed between peak displacement and the peaks of acceleration and jerk. For example, the correlations for the trials illustrated in Figure 4A were r = 0.98 (versus peak acceleration) and r = 0.95 (versus peak jerk). These observations on steptracking movements performed "as fast as possible" suggest 2 conclusions. First, different amplitude movements are produced by grading the first 3 derivatives of displacement. Second, derivative feedback during the initial trajectory could provide an early predictive measure of the subsequent peak displacement. Four subjects were asked to perform step-tracking movements "as fast as possible" in the ulnar as well as the radial direction (Fig. 4B) . The regression lines of the relations between peak displacement and peak velocity for the 2 directions of movement had similar average slopes (radial = 19.1 deg set-I deg-I; ulnar = 18.9 deg set-' deg-I). The movement durations for the 2 directions of movement were also similar (see below). One interpretation of these results is that, when mechanical conditions differ (such as for the 2 directions of movement), motor output is adjusted to maintain a constant relationship between peak displacement and peak velocity.
We also examined whether movement duration varied for different amplitude movements. We defined movement duration as the duration of the initial trajectory, which is the time from movement onset to the next zero-crossing of velocity (Fig.  3) . For 2 of the subjects, movement duration and peak displacement were not correlated (Fig. 54) . Thus, despite our repeated request that subjects move "as fast as possible," the same amount of time was required to complete both small-and largeamplitude movements.
The 3 other subjects had small, but significant, correlations between movement duration and peak displacement (r's = 0.45, 0.60, and 0.73) (Fig. 5B) . The linear-regression lines relating peak displacement to movement duration for these subjects had an average slope of 0.55 msec/deg for movements in the radial direction and 0.47 msec/deg for the ulnar direction. Thus, the duration of large movements (25") was only 20% greater than that of small movements (5"). In contrast, peak velocity increased 200% on the same trials. We did not quantitatively examine the duration of acceleration or jerk. However, inspec- Figure 6 . Averages of step-tracking movements performed at different intended speeds. This subject made movements to the 10" target. Movements were performed in the radial direction, starting from an initial position of 10" ulnar deviation. Thick solid line, average of 56 movements performed "as fast as possible"; dashed line, average of 42 movements performed at a "natural speed"; thin solid line, average of 45 movements performed at "half natural speed." tion of the averages of these derivatives (e.g., Fig. 3 ) indicated that their duration also showed only small variations with changes in movement amplitude. Taken together, our observations suggest that different amplitude movements performed "as fast as possible" were produced primarily by grading the magnitude rather than the time course of the derivatives of displacement.
In 4 subjects, we examined the variations in the magnitude and duration of the derivatives of displacement for repeated movements to a single target (So, 15", 25") . Peak velocity and peak displacement were always highly correlated for movements to 1 target (r > 0.87). In contrast, movement duration and peak displacement were not significantly correlated for the same movements (r < 0.23; p > 0.05). These observations suggest that the variations in peak displacement for movements to a single target were also primarily due to variations in the magnitude, but not the duration, of the derivatives of displacement.
Movements performed at d@erent intended speeds to a single target Regardless of the speed instruction, limb displacement and its derivatives changed smoothly and had 1 positive peak during the initial trajectory (Fig. 6) . Thus, step-tracking movements performed at slower intended speeds were like those made "as fast as possible." However, there were some alterations in steptracking movements when the speed instruction was changed. The most dramatic alteration occurred in the time course of the derivatives of displacement. Movement duration increased an average of 67% when the speed instruction was changed from move "as fast as possible" to move at "half natural speed." With different speed instructions, we observed initial trajectories as short as 58 msec and as long as 2 18 msec. Thus, there was a striking contrast between the relatively fixed movement duration of subjects in moving to different targets "as fast as Vol. 6, No. 11, Nov. 1986 Figure 7. A, Relationship between peak displacement and peak velocity for movements performed at different intended speeds. All movements were from 1 subject to lo" and 20" targets.
The Fig. 3 ) and the variable movement duration of the same subjects in moving to 1 target at different intended speeds (e.g., Fig. 6 ).
Changes in the speed instruction also influenced the magnitude of the initial overshoot. Peak displacement decreased an average of 15% when the speed instruction was changed from move "as fast as possible" to move at "half natural speed." In fact, some movements performed at "half natural speed" undershot the target. Changes in intended speed from "as fast as possible" to a slower speed also reduced the frequency and number of terminal oscillations (not illustrated). Thus, movements performed at slower intended speeds were more damped than movements performed "as fast as possible." Different speed instructions also led to alterations in derivative magnitude. For example, peak velocity decreased an average of 46% when the speed instruction was changed from move "as fast as possible" to move at "half natural speed." Peak jerk decreased an average of 59% on the same trials. These observations, together with those presented in the previous section, indicate that 2 factors influence the magnitude ofthe derivatives: (1) movement amplitude and (2) speed instruction.
Movements of d$erent amplitudes and intended speeds
We examined whether movement duration varied when subjects made different amplitude movements following the "natural" and "half natural speed" instructions. Peak displacement and movement duration were not significantly correlated for the "natural speed" movements of 2 subjects (e.g., Fig. 7B ). The "natural speed" movements of the other 2 subjects examined, and the "half natural speed" movements of all subjects (n = 3), had small but statistically significant correlations between peak displacement and movement duration (r = 0.334.5 1; e.g., Fig.  7B ). These results are similar to those observed when subjects performed movements "as fast as possible" (Fig. 5, A, B) . Thus, when the speed instruction was kept constant, grading of movement duration in relation to movement amplitude was small and inconsistently observed. When subjects performed different amplitude movements with a constant speed instruction (moving at either "natural" or "half natural" speed), the peaks of velocity, acceleration, and jerk varied directly with peak displacement (e.g., Fig. 7A ). For movements following either speed instruction, the correlations between peak displacement and peak velocity were high for all subjects (r = 0.84-0.99). Smaller, but highly significant, correlations were observed between peak displacement and the peaks Peak Displacement (deg) of the other derivatives (r = 0.64-0.91). These findings are similar to those observed when movements were performed "as fast as possible" (Fig. 4A) . Thus, our observations on movements with a constant speed instruction indicate that different amplitude movements were produced primarily by grading the magnitude rather than the time course of the derivatives of displacement. The slopes of the regression lines for the relationships between peak displacement and the peaks of the derivatives were dependent on the speed instruction (Fig. 7A) . The shallowest slopes were associated with the "half natural speed" movements; the steepest slopes were observed with the "as fast as possible" movements; and the slopes for "natural speed" movements were intermediate. These results indicate that the relationships between displacement and its derivatives were not fixed, but were determined by the speed instruction.
The observation that speed instructions influence the relationship between displacement and its derivatives has an important consequence. It shows that movement amplitude is not controlled solely by grading the peaks of velocity, acceleration, and jerk when movements are made at different intended speeds. Thus, movements with different peak velocities may have the same peak displacements if their speed instructions differ (Fig.  7A) . Comparable results were observed in the subject who performed different amplitude movements while the speed instruction was randomly varied. For example, some of the fast movements to the 5" target had the same peak velocity (Fig. U) , peak acceleration, or peak jerk (Fig. 9A) as some of the slow movements to the 25" target. This point is further illustrated by the overlapping of averages of some slow movements to the 25" target with those of some fast movements to the 5" target (Fig.  10) . Although the 2 sets of movements have the same peak jerk, they have very different durations. These observations indicate that the peak displacement of a step-tracking movement is controlled by adjusting the duration, as well as the magnitude, of the derivatives of displacement.
To further explore this conclusion, we examined the correlations between peak displacement and the product of 2 kinematic variables (derivative magnitude and duration). For movements at all intended speeds to different targets, the correlations between peak displacement and the product of peak velocity and movement duration (r = 0.97-0.99, n = 4; see Fig. 8B ) were striking and were significantly higher than the correlations between peak displacement and peak velocity (r = 0.80-0.95; see Fig. 8A ). The linear-regression lines in the graphs of peak dis-IO Peak Displacement (deg) y=l.55x-0.5 r =0.99 placement versus the product of peak velocity and movement duration had an average slope of 1.57. This slope is similar to that calculated for several models of limb movement (Hogan, 1984; Nelson, 1983) .
We also examined the results of multiplying peak jerk by movement duration. The correlations between peak displacement and the product of peak jerk and movement duration (r = 0.67-0.95; Fig. 9B ) were significantly higher than the correlations between peak displacement and peak jerk (7 = 0.38-0.87; Fig. 9A ). Based on our observations, we hypothesize that, when intended speed varies, peak displacement is controlled by adjusting 2 kinematic variables: (1) the magnitude of the initial positive component of either velocity, acceleration, or jerk; and (2) the duration of this component.
Discussion
Several major observations were made in this study. First, steptracking movements were performed at a range of intended speeds and were not limited to movements made "as fast as possible." Regardless of the intended speed, the initial trajectory
. = 5 deg h=l72) . Figure   8 . A, Relationship between peak displacement and peak velocity for movements to different targets when intended speed was randomly varied. See Materials and Methods for details of how the speed instruction was varied. B, Relationship between peak displacement and the product of peak velocity and movement duration for the same trials as in A. of these movements had a smooth, unimodal velocity pattern that is thought to be characteristic of efficient, skilled movements (see, for example, Nelson, 1983) . Second, alterations in the amplitude of step-tracking movements were associated with changes in the magnitudes of the derivatives of displacement (velocity, acceleration, and jerk). Third, alterations in intended speed were associated with changes in derivative duration and derivative magnitude. On the basis of these results, we propose that the initial trajectory of step-tracking movements is generated by central processes that specify both the magnitude and duration of a derivative of displacement. In the following discussion, we will review the evidence for this hypothesis from our own and prior studies.
Control of derivative magnitude
A number of prior studies have observed that limb velocity is related to movement amplitude (e.g., Cooke, 1980; Freund and Budingen, 1978; Taylor and Birmingham, 1948; Wadman et al., 1979) . In a study of rapid finger movements, Freund and Budingen proposed that different amplitude movements are Peak Displacement (deg) Figure   9 . A, Relationship between peak displacement and peak jerk for movements to different targets when intended speed was randomly varied. The same trials were illustrated in Figure 8 . B, Relationship between peak displacement and the product of peak jerk and movement duration for the same trials as in A. Figure 10 . Averages of trials with similar values of peak jerk. Trials were selected from those shown in Figure 9 . Solid lines, averages of 2 1 movements to the 25" target; dashed lines, averages of 21 movements to the 5" target. Note that the movements of different amplitude and intended speed can have the same initial values of peak jerk. Displacement, 10" ; Velocity, 210 deg set-I; Acceleration, 7 100 deg.sec-2; Jerk, 350,000 deg.secm3. Time, 50 msec. generated by adjusting the velocity, but not the duration, of a limb movement. This has been termed the "speed control" hypothesis (Freund and Budingen, 1978) . In the present study, we have observed that peak displacement was highly correlated not only with peak velocity, but also with the peaks of acceleration and jerk (see also Taylor and Birmingham, 1948) . In addition, when the speed instruction was varied, we observed changes in the duration, as well as in the magnitude, of the derivatives of displacement. Thus, if the Freund and Budingen hypothesis is to be applied to step-tracking movements, it should be expanded in 2 areas. First, hypotheses about the control of step-tracking movements should not be limited to velocity control. Second, hypotheses about the control of step-tracking movements should include the potential for adjustments in derivative duration, as well as in derivative magnitude.
Because velocity, acceleration, and jerk are graded and phaseadvanced with respect to displacement, feedback related to the derivatives could provide a predictive measure of the initial trajectory's amplitude. Jerk, in particular, reaches its peak very early in a step-tracking movement. Thus, feedback related to the magnitude ofjerk could lead to alterations in muscle activity during a movement's later phases. There is evidence that peripheral and central neurons receive signals related to the derivatives of displacement. For example, muscle spindle primaries are particularly sensitive to changes in muscle length (for a review, see Matthews, 198 l) , and in some circumstances their response appears to signal jerk (Goodwin et al., 1975) . Neurons in the sensorimotor cortex also exhibit pronounced sensitivity to the dynamic aspects of imposed movements (for a discussion, see Bedingham and Tatton, 1985) . Such peripheral and central signals could be used to monitor and/or adjust step-tracking movements.
Although our observations indicated that the derivatives of displacement are important for generating and monitoring steptracking movements, we were not able to determine which derivative is most significant. We observed that the correlations between the higher derivatives and peak displacement were lower than the correlations between peak velocity and peak displacement. However, we could not measure the higher derivatives of displacement as accurately as we could measure velocity. This is because digital differentiation preferentially amplifies high-frequency noise inherent even in apparently smooth displacement curves (Pezzack et al., 1977; see also Wood, 1982) . With each successive differentiation, noise becomes more difficult to separate from the relevant movement signal. Thus, in future experiments, it may be useful to measure the derivatives of displacement more directly.
In companion experiments we observed that peak jerk, unlike the peaks of velocity and acceleration, was uninfluenced by antagonist muscle activity during a step-tracking movement (D. S. Hoffman and P. L. Strick, unpublished observations). Thus, jerk may be a particularly important variable for the nervous system since, during step-tracking movements, it reflects the activity of agonist muscles in isolation from the activity of antagonists. It may also be important to monitor jerk in order to generate the smoothest possible trajectory (Flash and Hogan, 1982; Hogan, 1984) .
Control of derivative duration Some prior studies have reported that movement duration was nearly constant for rapid movements of different amplitudes (e.g., Freund and Budingen, 1978) , whereas other studies have demonstrated changes in this variable with movement amplitude (e.g., Flowers, 1976; Searle and Taylor, 1948; Wadman et al., 1979) . When we gave a constant speed instruction, we observed that some subjects performed large-amplitude movements in the same amount of time used for small-amplitude movements. In other subjects, there were changes in movement duration, particularly for "half natural" speed movements. However, these changes were both small and poorly correlated to movement amplitude. Thus, we concur with Searle and Taylor's (1948; pp. 623-624) conclusion about rapid movements, that "the evident tendency is for time of response to remain constant, regardless of distance. . . . The slight but reliable increase in duration may be taken as indicating the degree to which complete constancy is not achieved." In addition, we suggest that these statements also apply to movements performed at other intended speeds.
An important observation of the present study is that a change in the speed instruction resulted in a dramatic alteration in the time course of step-tracking movements. For example, changing the speed instruction from move "as fast as possible" to move "at half natural speed" nearly doubled the movement duration in all of our subjects. These results suggest that when human subjects volitionally alter intended speed, they select a different movement duration and, as a result, modify the time course of their movement. These observations also imply that, when animals perform movements to a single target, using a wide range of movement durations (e.g., Flament et al., 1984) these animals are varying their intended speed.
Our results illustrate an important difference between limb and eye movement systems. As noted above, subjects can volitionally alter the time course of step-tracking movements to perform the same wrist displacement. In contrast, subjects lack volitional control over the time course of a saccade (Fuchs, 1967; Robinson, 1964, 198 1) . This difference is not surprising, given the disparate behavioral requirements of eye and limb movements. However, it suggests that there may be some central control mechanisms that are unique to limb movements.
We suggest that movement duration is an important variable which the nervous system controls when it generates and monitors a step-tracking movement. In making this statement, we do not intend to exclude the possibility that other time variables are controlled or monitored by the nervous system. For example, the durations of acceleration and jerk appeared to vary in the same manner as movement duration, although these other durations were not quantitatively examined. Thus, further experiments will be necessary to determine whether the duration of one derivative is more important than another for movement control.
Two-variable control of step-tracking movements It should be clear from our results that the initial trajectory of a step-tracking movement cannot be specified by controlling only the magnitude of a single kinematic variable, such as velocity. On the other hand, our data suggest that the specification of peak displacement might be accomplished using the product of 2 kinematic variables. In fact, when we plotted the product of peak velocity and movement duration versus peak displacement, the same regression line fit step-tracking movements that had widely different intended speeds and amplitudes. This suggests that step-tracking movements of different time course and amplitude are generated by the same "control strategy." We propose that the control strategy involves modulating both the magnitude and duration of a derivative of displacement.
The average slope of the regression lines in the graphs of peak displacement versus the product of peak velocity and movement duration was 1.57. This value is similar to that predicted for a linear spring model of joint movement and for models of movement in which either jerk or energy was minimized (Hogan, 1984; Nelson, 1983) . Thus, our observations are not inconsistent with the concept that part of the strategy for generating step-tracking movements may involve "optimizing" a physical variable, such as energy or jerk. However, at present there is not enough information to determine which of the models mentioned above would provide the best insight into the central control of step-tracking movements.
Two recent hypotheses about the control of rapid limb movements (Freund and Budingen, 1978; Ghez and Vicario, 1978) have proposed that the magnitude of the initial dynamic phase of movements is graded by modulating the amplitude of an initial "control pulse" (i.e., pulse-height modulation). In contrast, the dynamic phase of saccadic eye movements is thought to be governed by modulating the duration of an initial control pulse (i.e., pulse-width modulation; Robinson, 198 1) . By comparison, we propose that the nervous system specifies the initial trajectory of a step-tracking movement by controlling both the magnitude and duration of a derivative of displacement. Derivative magnitude is adjusted independently of derivative duration to vary movement amplitude, whereas there is a coordinated adjustment of both variables to vary intended speed. Thus, our hypothesis employs components of both models and, therefore, should be viewed as a form of "pulse-height" and "pulse-width" modulation.
Additional support for our hypothesis comes from companion experiments in which we examined the patterns of muscle activity associated with step-tracking movements of different amplitudes and intended speeds. These movements are produced by well-defined, alternating bursts of activity in agonist and antagonist musles (e.g., Wachholder and Altenburger, 1926) . We examined the relations between the magnitudes of the initial agonist and antagonist bursts and various kinematic parameters.
The magnitude of the agonist burst had high correlations with the peaks of velocity, acceleration, and jerk (Hoffman and Strick, 1984) . The magnitude of the antagonist burst had a high correlation with the reciprocal of movement duration (Hoffman and Strick, 1982) . These observations suggest that, for the wrist movements we examined, the nervous system generates 2 bursts of muscle activity that provide for control of derivative magnitude (pulse height) and derivative duration (pulse width). These findings will be fully described and discussed in a subsequent publication (D. S. Hoffman and P. L. Strick, unpublished observations) .
Our hypothesis will be tested in future experiments that will examine the effects of changes in mechanical conditions on the kinematics of step-tracking movements. We predict that the nervous system will attempt to adjust muscle activity and force (within the performance limits of the system) in order to keep derivative magnitude and duration constant for the same movement made under different mechanical conditions. The present experiments provide some limited support for this prediction. We observed that the slopes ofthe linear-regression lines relating peak displacement to peak velocity were similar for movements that were opposed (radial deviations) or assisted (ulnar deviations) by gravity. The time course of these movements was also similar. It should be noted, however, that the changes in mechanical conditions caused by gravity were relatively small in our experiments. Other studies have perturbed rapid movements by adding inertial, frictional, or spring-like loads (Bouisset and Lestienne, 1974; Flament et al., 1984; Ghez, 1979) . The illustrations of the results of these studies suggest that the nervous system adjusts motor output so that the movements performed under different mechanical conditions have similar kinematics. However, this issue has not been quantitatively analyzed and remains to be more thoroughly examined.
At this point, we can only speculate about the central structures that might be responsible for the control of derivative magnitude and duration. Potentially, many regions of the neuraxis may participate in the generation of step-tracking movements. However, the limited evidence available from studies of patients with motor systems disorders suggests the involvement of the cerebellum and the basal ganglia. For example, patients with cerebellar lesions have dysmetric step-tracking movements (Hallett et al., 1975 ; see also Brooks and Thach, 198 1; Dow and Moruzzi, 1958; Ito, 1984) . This symptom could result from an inappropriate adjustment of derivative magnitude and/or duration. A conspicuous symptom of Parkinson's disease is bradykinesia. It has been suggested that this symptom occurs because these patients fail to grade derivative magnitude for different amplitudes of step-tracking movements (Flowers, 1976; Hallett and Khoshbin, 1980) . It is our hope that neuron recordings in primates during the performance of step-tracking movements will provide further insights into the central strnctures involved in the generation and control of step-tracking movements.
